We calculate nucleosynthesis in core-collapse explosions of massive Pop III stars, and compare the results with abundances of metal-poor halo stars to constrain the parameters of Pop III supernovae. We focus on iron-peak elements and, in particular, we try to reproduce the large [Zn/Fe] observed in extremely metal-poor stars. The interesting trends of the observed ratios [Zn, Co, Mn, Cr, V/Fe] can be related to the variation of the relative mass of the complete and incomplete Si-burning regions in supernova ejecta. We find that [Zn/Fe] is larger for deeper mass-cuts, smaller neutron excess, and larger explosion energies. The large [Zn/Fe] and [O/Fe] observed in the very metal-poor halo stars suggest deep mixing of complete Si-burning material and a significant amount of fall-back in Type II supernovae. Furthermore, large explosion energies, (E 51 ∼ > 2 for M ∼ 13M ⊙ and E 51 ∼ > 20 for M ∼ > 20M ⊙ ), are required to reproduce [Zn/Fe] ∼ 0.5.
INTRODUCTION
The abundance pattern of metal-poor stars with [Fe/H] < −2 provides us with very important information on the formation, evolution, and explosions of massive stars in the early evolution of the galaxy (e.g., Wheeler, Sneden & Truran 1989; Matteucci 2000) . Those metal-poor stars may have been formed just a few generations after the first generation Population (Pop) III stars or they may even represent the second generation (see, e.g., Weiss, Abel & Hill 2000 for recent reviews). Their abundance patterns may be the result of the nucleosynthesis in even one single Type II supernova (SN II) (Audouze & Silk 1995; Ryan, Norris, & Beers 1996; . Therefore comparisons with nucleosynthesis patterns in massive metal-poor stars can constrain the explosion mechanism of SNe II, which is still quite uncertain, the initial mass function (IMF) of Pop III stars, and the mixing of ejected material in the interstellar medium.
With the use of high resolution spectroscopic devices attached to large telescopes, abundance measurements of extremely metal-poor stars have become possible (e.g., McWilliam et al. 1995; Ryan et al. 1996) . The number and quality of the data is expected to increase with new large telescopes such as SUBARU and VLT. The observed abundances of metal-poor halo stars show quite interesting pattern. There are significant differences between the abundance patterns in the iron-peak elements below and above [Fe/H] (Sneden, Gratton, & Crocker 1991) . Recently Primas et al. (2000) have suggested that [Zn/Fe] increases toward smaller metallicity as seen in Figure 1 , and Blake et al. (2001) has one with [Zn/Fe] ≃ 0.6 at [Fe/H] = −3.3 (see .
These trends could be explained with SNe II nucleosyn-thesis, but progenitors and supernova explosion models are significantly constrained. In SNe II, stellar material undergoes shock heating and the subsequent explosive nucleosynthesis. Iron-peak elements including Cr, Mn, Co, and Zn are produced in two distinct regions, which are characterized by the peak temperature, T peak , of the shocked material. For T peak > 5 × 10 9 K, material undergoes complete Si burning whose products include Co, Zn, V, and some Cr after radioactive decays. For 4 × 10 9 K < T peak < 5 × 10 9 K, incomplete Si burning takes place and its after decay products include Cr and Mn (e.g., Hashimoto, Nomoto, Shigeyama 1989; Woosley & Weaver 1995, WW95 hereafter; Arnett 1996; Thielemann, Nomoto & Hashimoto 1996) . We have discussed, using the progenitor models for solar metallicity (Nomoto & Hashimoto 1988) , that decreasing trend of Mn, Cr and the increasing trend of Co toward the lower metallicity can be explained simultaneously if the mass-cut that divides the ejecta and the compact remnant tends to be deeper for more massive core-collapse SNe . This is because Mn and Cr are produced mainly in the incomplete explosive Si-burning region, while Co is produced in the deeper complete explosive Si-burning region. The mass-cut is typically located somewhere close to the border of complete and incomplete Si-burning regions. Therefore, the deeper mass-cut leads to larger Co/Mn.
As for Zn, its main production site has not been clearly identified. If it is mainly produced by s-processes, the abundance ratio [Zn/Fe] should decrease with [Fe/H]. This is not consistent with the observations of [Zn/Fe]∼ 0 for [Fe/H] ≃ −2.5 to 0 and the increase in [Zn/Fe] toward lower metallicity for [Fe/H] ∼ < −2.5. Another possible site of Zn production is SNe II. However, previous nucleosynthesis calculations in SNe II appears to predict decreasing Zn/Fe ratio with Fe/H (WW95; Goswami & Prantzos 2000) .
Understanding the origin of the variation in [Zn/Fe] is 1 very important especially for studying the abundance of Damped Ly-α systems (DLAs), because [Zn/Fe] = 0 is usually assumed, after the work by Sneden et al. (1991) , to determine their abundance pattern. In DLAs supersolar [Zn/Fe] ratios have often been observed, but they have been explained that assuming dust depletion for Fe is larger than it is for Zn (e.g., Lu et al 1996; Pettini et al. 1999; Prochaska & Wolfe 1999; Molaro et al. 2000; Hou, Boissier, & Prantzos 2001) However, recent observations (Primas et al. 2000; Blake et al. 2001) suggest that the assumption [Zn/Fe] = 0 may not be always correct.
In this paper, using recently calculated presupernova models (Umeda & Nomoto 2001; Umeda et al. 2000) we study the nucleosynthesis pattern of iron-peak elements, focusing on Zn, in massive Pop III stars. We show that depending on stellar masses, mass-cuts, Y e and explosion energies, large Zn/Fe can be achieved in the yields of SNe II from Pop III stars. Since Zn and Co are mainly produced in the same region, their enhancement and the reduction of Mn and Cr can be understood simultaneously with the same mechanism. We also discuss the reasons why previous models (Hashimoto et al. 1989; WW95; Thielemann et al. 1996; Nomoto et al. 1997) underproduce Zn.
EVOLUTION OF POP III MASSIVE STARS
The elemental abundances in metal-poor halo stars may preserve nucleosynthesis pattern of the SN explosions of Pop III stars because of the following reasons. First, the IMF of very metal-poor stars (Z ∼ < 10 −2 − 10 −3 Z ⊙ ) can be similar to Pop III stars, since the dominant cooling mechanism for interstellar matter is almost the same (Böhringer & Hensler 1989) . Second, the nucleosynthesis pattern in the explosions of very metal-poor Pop II stars (Z < 10 −2 Z ⊙ ) are similar to those of Pop III supernovae . Also a single SN event is likely to induce star formation for metallicity [Fe/H] ∼ −4 to −2, so that the observed metal-poor stars can be the second or very early generation (Ryan et al. 1996; .
For these reasons, we use our Pop III (metal-free) models to compare their explosive nucleosynthesis with the observed abundances of very low-metal stars. We calculate the evolution of massive Pop III stars for a mass range of M = 13 − 30M ⊙ from pre-main sequence to Type II SN explosions. Stellar evolution is calculated with a Henyeytype stellar evolution code , which runs a large nuclear reaction network with 240 isotopes to calculate detailed nucleosynthesis and nuclear energy generation. For the Pop III models we assumed no massloss. SN explosions are simulated with a PPM code. The detailed nucleosynthesis during the explosion is calculated by post-processing as in Nakamura et al. (2000) , using a code of Hix & Thielemann (1996) .
In the metal-free star evolution, CNO elements are absent during the early stage of hydrogen burning. Therefore, the CNO cycle does not operate initially and the star contracts until the central temperature rises sufficiently high for the 3α reaction to produce 12 C with mass fraction ∼ 10 −10 . Then Pop III stars undergo the CNO cycle at a much higher central temperature (T c ∼ 1.5 × 10 8 K) than metal-poor Pop II stars (e.g., Ezer, & Cameron 1971; Castellani, Chieffi, & Tornambé 1983 ). On the other hand, the late core evolution and the resultant Fe core masses of Pop III stars are not significantly different from Pop II stars (e.g., WW95; Limongi, Chieffi, & Straniero 1998; Umeda et al. 2000) . In Table 1 , we show the "Fe"-core masses of our model defined as a region with the electron mole fraction Y e ≤ 0.49 for various Z and initial masses. The distribution of Y e in the inner core at the beginning of collapse (ρ c ∼ 3 × 10 10 g cm −1 ) is shown in Figure 2 .
One of the uncertainties in the calculations of stellar evolution is the treatment of convection. Here we use the models assuming relatively slow convective mixing (f k = 0.05 in the parameter described in . Larger f k leads to stronger mixing of nuclear fuel, thus resulting in stronger convective shell-burning, which leads to less compact core and less massive remnants. With the choice f k = 0.05, the baryon masses of the compact remnants are 1.55 and 1.67 M ⊙ for the 13 and 15M ⊙ solar metallicity stars, respectively. A more detailed description of the presupernova models and parameter dependences are given elsewhere (Umeda & Nomoto 2001; also Umeda et al. 2000) .
SYNTHESIS OF ZINC IN POP III SUPERNOVAE
We briefly summarize general nucleosynthesis of Pop III supernovae obtained in Umeda et al. (2000) . The mass fraction ratio of odd and even Z elements (e.g., Al/Mg), and the inverse ratio of α-elements and their isotopes (e.g. 13 C/ 12 C) decrease for lower metallicity. However, the former ratios almost saturate for low metallicity (Z <∼ 10 −3 ) and the latter ones are difficult to observe. Therefore, the differences in the nucleosynthesis pattern between the very metal-poor Pop II and Pop III stars are difficult to observe. The abundance ratio among the even Z elements are almost independent of the metallicity.
Dependencies on the mass and explosion energy are more important. These results suggest that in discussing the abundance pattern of very metal-poor stars, effects other than the metallicity are likely to be more important, which is consistent with WW95. In the following, we discuss the dependence of the production of Zn and other iron-peak elements on the mass, mass-cut, and explosion energy separately.
Dependence on Mass-Cut (M cut )
Here we discuss the dependence of yields on the masscut, M r = M cut . The explosion energy is assumed to be E 51 = E exp /(10 51 erg) = 1. The abundance distribution after explosion for 13 and 15 M ⊙ models is shown in Figure 3 . Here the upper bounds of the complete Siburning region and the incomplete Si-burning region are defined by X( 56 Ni) = 10 −3 and X( 28 Si) = 10 −4 , respectively. The lines labeled by Cr, Mn, Co and Zn actually indicate unstable 52 Fe, 55 Co, 59 Cu, and 64 Ge, respectively, which eventually decay into the labeled elements.
In the ejecta, the mass fraction of the complete Si burning products is larger if the mass-cut is deeper (i.e., M cut is smaller). Mn and Cr are produced mainly in the incomplete explosive Si-burning region, while Co and Zn are mainly produced in the deeper complete explosive Siburning region. Therefore, if the mass-cut is deeper, the abundance ratios Co/Fe and Zn/Fe increase, while the ratios Mn/Fe and Cr/Fe decrease as seen in Figure 4 . Another effect of the mass cut on the yield is the 56 Ni mass in the ejecta M ( 56 Ni), which is larger for smaller M cut as shown in Figure 4 . Ejection of the large amount of radioactive 56 Ni has actually been seen in such bright supernovae as SNe 1997ef and 1998bw (e.g., Nomoto et al. 2000) . We note that for M ∼ > 15M ⊙ , the M ( 56 Ni) required to get [Zn/Fe]∼ 0.5 appears to be too large to be compatible with observations of [O/Fe]∼ 0 − 0.5 in metalpoor stars. However, if fall-back of enough amount of ironpeak elements occurs after mixing, M ( 56 Ni) can be smaller without changing the [Zn/Fe] ratio, as will be discussed in §3.5. Figure 4 shows that the relation between [X/Fe] and M ( 56 Ni) is sensitive to the progenitor mass. To understand this behavior, we summarize in Table 2 the location of the incomplete Si-burning region in M r and M ( 56 Ni) contained in this region for several models. The thickness in mass of the incomplete Si-burning region (and thus M ( 56 Ni) there) is larger for larger progenitor masses. Suppose that all SNe II eject the same amount of 56 Ni. Then the fraction of complete Si burning products is larger for less massive stars because the incomplete Si-burning region is thinner. This is why the 13M ⊙ model yields larger [Zn, Co/Fe] than more massive models if for example M ( 56 Ni) = 0.07M ⊙ (Fig. 4 ). Models heavier than 15M ⊙ are consistent with very metal-poor star data if M cut is small (i.e., M ( 56 Ni) is large).
Dependence on Stellar Mass
The maximum values of [X/Fe] as a function of M cut also depend on the stellar mass because of the different density -temperature histories and Y e distribution of the progenitors. There is a tendency that the maximum [Zn, Co/Fe] decreases with increasing stellar mass. One of the reasons for this trend is that more massive stars have thicker incomplete Si-burning region, and thus deeper material must be ejected to make [Zn, Co/Fe] large. As discussed in the next subsection, in the deeper regions Y e is typically smaller, which leads also to smaller Zn and Co mass fractions. On the other hand, there is no clear mass dependence for [Mn, Cr/Fe].
Dependence on Y e
In order to see the dependence on Y e , in Figure 5 we compare the post-explosive abundance distribution of the 25M ⊙ (E 51 =1) models. The left panel shows the original model, whose Y e distribution is enlarged in Figure 6 . In the right panel Y e is modified to be 0.5 at M r ≤ 2.5M ⊙ . As shown in these figures, Zn and Co abundances are very sensitive to Y e . If Y e decreases below Y e ≃ 0.4998, the Zn abundance becomes significantly smaller, because Zn is the decay product of the symmetric species 64 Ge. The dependence of the Co abundance on Y e is not monotonic but rather complicated, though the Co abundance is larger in the Y e = 0.5 model of this example. (X(Co) is relatively large for Y e = 0.5. It decreases once for lower Y e but it increases again toward Y e ≃ 0.49.) Previous progenitor models in Nomoto & Hashimoto (1988) have much lower Y e than our current models in the complete Si-burning region because of the different initial metallicity and treatment of convection, and this is the main reason why previous models significantly underproduce Zn even for the 13M ⊙ model.
In our present progenitor models (as well as in Nomoto & Hashimoto 1988) , we have applied electron-capture rates by Fuller, Fowler, & Newman (1980 , 1982 . The use of the recent rates by , which are lower than Fuller et al. (1980 Fuller et al. ( , 1982 would lead to larger Y e (Heger et al. 2000) . Mezzacappa et al. (2000) and Rampp & Janka (2000) have recently performed simulations of SNe II with full Boltzmann neutrino transports, and they have shown that Y e in the deep layers may be enhanced up to around 0.5 by neutrino processes. If this is the case, Zn production may be significantly enhanced even for the progenitor models of Nomoto & Hashimoto (1988) . We should note that X(Zn) can be large even if Y e ∼ < 0.4995 for energetic explosion as will be discussed in the next subsection.
Dependence on Explosion Energy
Recently we had some evidences that at least some core collapse SNe explode with large explosion energy, which may be called "Hypernovae" (e.g., Nomoto et al. 2000) . These SNe likely originate from relatively massive SNe (M ∼ > 25M ⊙ ). In Figure 7 we show nucleosynthesis in the 25M ⊙ star with the explosion energy of 10 52 erg. (In this figure, the distribution of 51 Mn which decays into V is also shown; V is mostly produced in the complete Si-burning region.) By comparing with Figure 5 , we find that for larger explosion energies, the boundaries of both the complete and incomplete Si burning regions move outward in mass coordinates. We also find that for a larger explosion energy the incomplete Si burning region is thicker in mass, thus containing a larger amount of 56 Ni (Table 2) .
Therefore, hypernova explosions, which eject a large amount of complete Si burning products, also produce a larger amount of 56 Ni than ordinary SNe II, unless significant fall-back takes place after mixing (see §3.5). This is seen in Figure 8 , which shows that [Zn/Fe] ∼ > 0.3 only for M ( 56 Ni) ∼ > 0.7M ⊙ (i.e., bright supernovae). The explosion energy also affects the local mass-fraction of elements. For more energetic explosions, the temperature during the explosion is higher for the same density . Figures 5 and 7 show that for a higher energy X(Co) and X(Zn) is enhanced in complete-Si burning and X(Mn) is reduced in incomplete-Si burning. X(Cr) in incomplete-Si burning is almost unchanged.
In order to show the parameter dependences of X(Zn), we plot in Figure 9 the density -temperature track during explosive complete Si-burning for four representative cases following the maximum temperature (open circles). The parameters of the four models and the mass fractions of 56 Ni and Zn are summarized in Table 3 . Cases B & D produce large X(Zn), while A & C are the cases with smaller X(Zn). Case C ′ is the same as case C except for the modifications of Y e . The general trend is that X(Zn) is larger if Y e is closer to 0.5 and an explosion is more energetic to produce larger T 3 /ρ. Cases A and C have low X(Zn) because of relatively low Y e . Case C ′ has the same density -temperature history as case C, but it yields larger X(Zn) due to the larger Y e . Case D has the same Y e as case C, but it yields larger X(Zn) due to larger T 3 /ρ. Case B yields large X(Zn) because of the relatively large Y e and T 3 /ρ.
In Figures 10 and 11 , we show the time evolution of density, temperature, T 3 /ρ and mass fraction ratios of some elements that are relevant to Zn synthesis for cases C (C ′ ) and D. These figures show that for larger T 3 /ρ the mass fraction of 4 He is larger and thus the α-rich effect is enhanced. Then the larger fractions of 56 Ni and 60 Zn are converted to 64 Ge, which enhances the Zn mass fraction.
We note that the trend that large E gives high T 3 /ρ during α-rich freezeout can be further enhanced in nonspherical explosions. This is because the shock in the jetdirection is stronger than the shock in the spherical model with the same E (e.g., Nagataki et al. 1997 ).
Mixing and Fall-back
We have shown that large [Zn, Co/Fe] and small [Mn, Cr/Fe] can be obtained simultaneously if M cut is sufficiently small. However, the ejected 56 Ni mass is larger for smaller M cut , and M ( 56 Ni) required to get [Zn/Fe]∼ 0.5 appears to be too large to be compatible with observations
Here we consider a possible process that realizes effectively smaller mass-cuts without changing the 56 Ni mass. In SNe II, when the rapidly expanding core hits the H and He envelopes, a reverse shock forms and decelerates core expansion. The deceleration induces Rayleigh-Taylor instabilities at the composition interfaces of H/He, He/C+O, and O/Si as has been found in SN 1987A (e.g., Ebisuzaki, Shigeyama, & Nomoto 1989; Arnett et al. 1989) . Therefore, mixing can take place between the complete and incomplete Si burning regions according to the recent two dimensional numerical simulations (Kifonidis et al. 2000; Kifonidis 2001 ). The reverse shock can further induce matter fall-back onto the compact remnant (e.g., Chevalier 1989) .
Based on these earlier findings, we propose that the following "mixing fall-back" process takes place in most SNe II.
(1) Burned material is uniformly mixed between the "initial" mass-cut (M cut (i)) and the top of the incomplete Si-burning region at M r = M Si . Then [Zn/Fe] in the mixed region becomes as large as ∼ 0.5.
(2) Afterwards the mixed materials below M cut (f ) (> M cut (i)) fall-back onto the compact remnant, and M cut (f ) becomes the final mass-cut. Then M ( 56 Ni) becomes smaller while the mass ratios (Zn, Co, Mn)/Fe remain the same compared with the values determined by M cut (i) in Figures 4 and 8 Here M cut (f ) is chosen to eject no less than 0.07M ⊙ of 56 Ni. Note that the ratio [Zn/Fe] is independent of M cut (f ). Note also that larger E leads to larger [Zn/Fe] as discussed in §3.4.
This "mixing and fall-back" effect may also be effectively realized in non-spherical explosions accompanying energetic jets (e.g., Khoklov et al. 1999; Nagataki et al. 1997) . Compared with the spherical model with the same M cut (i) and E, the shock is stronger (weaker) and thus temperatures are higher (lower) in the jet (equatorial) direction. As a result, a larger amount of complete Si-burning products are ejected in the jet direction, while only incomplete Si-burning products are ejected in the equatorial direction. In total, complete Si-burning elements can be enhanced (Maeda 2001) .
SUMMARY AND DISCUSSION
We have calculated nucleosynthesis in massive Pop III stars using our recent metal-free progenitor models, and compared the results with the abundances of metal-poor halo stars to constrain the structures and explosion models of Pop III stars. In the present work, we have focussed on iron-peak elements and, in particular, explored the parameter ranges (M cut (i), Y e , M , and E) to reproduce [Zn/F] ∼ 0.5 observed in extremely metal-poor stars. Our main results are summarized as follows.
1) The interesting trends of the observed ratios [(Zn, Co, Mn, Cr)/Fe] can be understood in terms of the variation of the mass ratio between the complete Si burning region and the incomplete Si burning region. The large Zn and Co abundances observed in very metal-poor stars are obtained if the mass-cut is deep enough (i.e., if M cut (i) is small enough in Figures 4 and 8) , or equivalently if deep material from complete Si-burning region is ejected by mixing or aspherical effects ( §3.1). Vanadium also appears to be abundant at low [Fe/H] (e.g., Goswami & Prantzos 2000) . Since V is also produced mainly in the complete Si-burning region (Fig. 7) , this trend can be explained in the same way as those of Zn and Co.
2) The mass of the incomplete Si burning region is sensitive to the progenitor mass M , being smaller for smaller M . Thus [Zn/Fe] tends to be larger for less massive stars for the same E ( §3.2).
3) The production of Zn and Co is sensitive to the value of Y e , being larger as Y e is closer to 0.5, especially for the case of a normal explosion energy (E 51 ∼ 1) ( §3.3). 4) A large explosion energy E results in the enhancement of the local mass fractions of Zn and Co, while Cr and Mn are not enhanced (Fig. 8 ). This is because larger E produces larger entropy and thus more α-rich environment for α-rich freeze-out ( §3.4). 5) To be consistent with the observed [O/Fe] ∼ 0 -0.5 as well as with [Zn/Fe] ∼ 0.5 in metal-poor stars, we propose that the "mixing and fall-back" process or aspherical effects are significant in the explosion of relatively massive stars ( §3.5).
The dependence of [Zn/Fe] on M and E is summarized in Figures 12 and 13 as follows. a) In Figure 12 , we compare the [Zn/Fe] ratios in our E 51 = 1 models with previous models for various progenitor masses M . The [Zn/Fe] ratio depends also on M cut (i), and our values in Figure 12 correspond to the maximum values for E 51 = 1. The difference in Y e is the primary reason why Zn production is much smaller when previous progenitor models by Nomoto & Hashimoto (1998) are used . (Note that, for hypernova-like explosion energies, Zn is abundantly produced even if Y e is smaller while Zn production is suppressed otherwise.) Differences from WW95 may mostly stem from the differences in M cut (i). Limongi, Stranciero & Chieffi (2000) has also shown their yields for some Z = 0 models. Probably because of lower Ye, their Zn yields are smaller than ours by a factor of more than 10 5 , thus being out of range in Figure 12 . b) In Figure 13 , [Zn/Fe] is shown as a function of M and E, where the plotted ratios correspond to the maximum values for given E. We have found that models with E 51 = 1 do not produce sufficiently large [Zn/Fe]. To be compatible with the observations of [Zn/Fe] ∼ 0.5, the explosion energy must be much larger, i.e., E 51 ∼ > 2 for M ∼ 13M ⊙ and E 51 ∼ > 20 for M ∼ > 20M ⊙ . Observationally, the requirement of the large E might suggest that large M stars are responsible for large [Zn/Fe], because E and M can be constrained from the observed brightness and light curve shape of supernovae as follows. [The uncertainties in theoretical models for gravitational collapse are still too large to determine E (e.g., Mezzacappa et al. 2000; Rampp and Janka 2000) .] The recent supernovae 1987A, 1993J, and 1994I indicate that the progenitors of these normal SNe are 13 -20 M ⊙ stars and E 51 ∼ 1 -1.5 (Nomoto et al. 1993 Shigeyama et al. 1994; Blinnikov et al. 2000) . On the other hand, the masses of the progenitors of hypernovae with E 51 > 10 (SNe 1998bw, 1997ef, and 1997cy) are estimated to be M ∼ > 25M ⊙ Iwamoto et al. 1998 Iwamoto et al. , 2000 Woosley et al. 1999; Turatto et al. 2000) . This could be related to the stellar mass dependence of the explosion mechanisms and the formation of compact remnant, i.e., less massive stars form neutron stars, while more massive stars tend to form black holes.
To (Audouze & Silk 1995) . The formation of metal-poor stars is supposed to be driven by a supernova shock, so that [Fe/H] is determined by the ejected Fe mass and the amount of circumstellar hydrogen swept-up by the shock wave (Ryan et al. 1996) .
Explosions with the following two combinations of M and E can be responsible for the formation of stars with very small [Fe/H]:
i) Energetic explosions of massive stars (M ∼ > 25M ⊙ ): For these massive progenitors, the supernova shock wave tends to propagate further out because of the large explosion energy and large Strömgren sphere of the progenitors . The effect of E may be important since the hydrogen mass swept up by the supernova shock is roughly proportional to E (e.g., Ryan et al 1996; .
ii) Normal supernova explosions of less massive stars (M ∼ 13M ⊙ ): These supernovae are assumed to eject a rather small mass of Fe , and most SNe are assumed to explode with normal E irrespective of M .
The above relations lead to the following two possible scenarios to explain [Zn/Fe] ∼ 0.5 observed in metal-poor stars.
i) Hypernova-like explosions of massive stars (M ∼ > 25M ⊙ ) with E 51 > 10: Contribution of highly asymmetric explosions in these stars may also be important. . However, the Fe yield has to be very small in order to satisfy the observed [O/Fe] value ( ∼ > 0.5) for the metalpoor stars. For example, the 56 Ni mass yield of our 13M ⊙ model has to be less than 0.006M ⊙ , which appears to be inconsistent with the nearby SNe II observations.
It seems that the [O/Fe] ratio of metal-poor stars and the E-M relations from supernova observations favor the massive energetic explosion scenario for enhanced [Zn/Fe]. However, we need to construct detailed galactic chemical evolution models to distinguish between the two scenarios for [Zn/Fe]. For that purpose, in Figures 14-16 , we show the overall abundance pattern in the ejecta (after radioactive decays) for the models which yield [Zn/Fe] = 0.3 -0.6 as a result of the "mixing and fall-back" process (except for the 13 M ⊙ model). The mass-cuts are chosen to eject 0.07M ⊙ 56 Ni for 13 and 15 M ⊙ , and to realize [O/Fe]=0 for M ∼ > 25M ⊙ . The yields are also listed in Tables 5-13 . Here large [O/Fe] (∼ 0.3 − 0.5) is assumed for M ∼ > 20M ⊙ to reproduce the majority of the observed abundance pattern.
We note that our Mn yields are roughly factor 10 smaller than in Nomoto et al. (1997) and , and Cr is slightly over-produced. Main source of the differences is that Y e in the incomplete Si-burning region of our models are larger than that of previous models. If Y e in the incomplete Si-burning layers is slightly reduced from 0.49996 to 0.49977, for example, Mn yield is enhanced by a factor 10 and Cr yield is slightly reduced. Smaller Y e leads to smaller Zn mass fraction. For Y e = 0.49977, however, the produced amount of Zn is almost the same as in our current models as far as the explosions are energetic.
Our Co yields as in all previous works (Nomoto et al. 1997; WW95; ) are at least factor of 3-5 smaller than the observed ones. One of the reasons might be that Co has an odd Z number and its abundance is sensitive to uncertain reaction rates involving proton and neutrons. On the other hand, Zn production is mostly determined by less uncertain reaction rates involving α-particles.
One may wonder whether the abundance anomaly of iron-peak elements discussed in this paper may be related to the peculiar IMF of Pop III stars. It is quite likely that the IMF of Pop III stars is different from that of Pop I and II stars, and that more massive stars are abundant for Pop III (e.g., Nakamura & Umemura 1999; Omukai & Nishi 1999; Bromm, Coppi & Larson 1999) . They have discussed that the IMF of Pop III and very low metal stars may have a peak at even larger masses, around ∼ (1few)×100M ⊙ . If M ∼ < 130M ⊙ , then these stars are likely to form black holes either without explosion or with energetic explosions. The nucleosynthesis of the latter case may not be so different from the models considered here. This might favor the scenario that invokes the hypernovalike explosions for large [Zn/Fe].
If stars are even more massive than ∼ 150M ⊙ , these become pair instability SNe and their nucleosynthesis is different from the ones considered here (Barkat, Rakavy & Sack 1967) . These SNe are discussed elsewhere, but these stars are unlikely to produce a sufficiently large Zn/Fe ratio.
In this paper, we have shown that such a large Zn abundance as [Zn/Fe] ∼ 0.5 observed in metal-poor stars can be realized in certain supernova models. This implies that the assumption of [Zn/Fe] ∼ 0 usually adopted in the DLA abundance analyses may not be well justified. Rather [Zn/Fe] may provide important information on the IMF and/or the age of the DLA systems.
We have considered only a few elements to constrain the nucleosynthesis of Pop III stars, because their trends are most clear. Data for other elements show less clear trends or currently have relatively large error bars. However, additional information will be very useful. For example, [S/Fe] and [C/O] may be important to distinguish the scenarios of M ∼ < 13M ⊙ and M ∼ > 20M ⊙ . Also masscut independent ratios [Ca, S, Si/Mg] will be important to constrain the explosion energies of SNe.
We would like to thank S. Ryan, C. Kobayashi, T. Nakamura, K. Maeda, M. Shirouzu, and K. Kifonidis for useful discussion. This work has been supported in part by the grant-in-Aid for COE Scientific Research (07CE2002, 12640233) of the Ministry of Education, Science, Culture, and Sports in Japan. Table 3 . Fig. 10 .-Density and Temperature evolution for the cases C, C ′ (E 51 =1) and D (E 51 =10) in Figure 9 . Here T 9 = T /10 9 (K), and ρ in gcm −3 . Fig. 11 .-Time evolution of T 3 /ρ for the cases C, C ′ (E 51 =1) and D (E 51 =10) in Figure 9 (left top panel) , and time evolution of mass fraction ratios of some elements most relevant to Zn synthesis for these cases. (Fig.1) . 12 (25, 10) 3.13 -3.87 0.18 (30, 1) 2. 70 -3.67 0.35 (30, 20) 4. 28 -5.58 0.36 (30, 30) 4.64 -6.32 0.45 Table 2 The mass coordinates in M ⊙ of the incomplete Si-burning regions for models with several initial masses and explosion energies. The upper and lower bounds of the regions are defined by X( 56 Ni) = 10 −3 and X( 28 Si) = 10 −4 , respectively. The 56 Ni mass in M ⊙ in these regions, ∆M ( 56 Ni), are also shown. Table 3 Mass fractions of 56 Ni and Zn (decay products of 64 Ge) after explosive nucleosynthesis for representative cases shown in Figure 9 . 
